This paper introduces a new scheme for effective output port isolation and return loss in RF-filtering divider design. The proposed design incorporates an extended transmission line and a conventional resistor as isolation elements.
Introduction
Vital to most microwave/RF front ends for signal selectivity and equal/unequal power division, respectively, passive band-pass filter (BPF) and power dividers (PD) cause high insertion loss (IL) and considerable PCB/onchip area penalty when implemented separately. A remedial approach under extensive research these days is the design of an integrated filtering divider that ensures dual function of a BPF and PD with comparatively less IL, saving valuable PCB/on-chip real estate and ultimately reducing cost.
In a conventional Wilkinson type PD [1] , quarter wavelength (λ g /4, where λ g is the guided wavelength) transformers suffer from inherent narrow bandwidth, large area, and poor skirt around the band of interest. These issues of poor signal selectivity near the design frequency and narrow bandwidth are generally addressed by effectively integrating a BPF in place of λ g /4 transformers, resulting in a filtering divider, offering an added advantage of improved out-of-band performance. In addition to achieving the required fractional bandwidth (FBW) with low IL and good input match (low return loss (RL)), a filtering divider must also ensure good output port match and isolation. For this purpose, many types of BPF have been integrated in PDs with different isolation element(s)/techniques employed between the output ports. An ultra-wideband implementation of the filtering divider with a resistor and capacitor (RC) as isolation elements was presented in [2] . The achieved output port isolation and RL was 18 dB and 13 dB, respectively. A wide-band filtering divider operational over a FBW of 50% was proposed in [3] . In this work, single-stage coupled lines were employed as BPF in place of conventional λ g /4 transformers, achieving miniaturization with resistors as isolation elements. Although for the presented two-way power divider, good size reduction and IL of 3.2 dB were possible, there was still room for improvement in the input and output port matching (S11 and S22/S33) and port isolation, which stood at about 15 dB, 20 dB, and 20 dB, respectively. Filtering dividers with relatively narrower bandwidth (BW) (FBW in the range of 4%-20%) have been reported in [4] [5] [6] [7] [8] [9] [10] . In another design approach, coupled-line BPF was integrated in a PD with a 3 dB hybrid used as an isolation element [4] . Here, the port isolation for two presented prototypes was 24 dB each, but the IL was higher at 5.2 dB and 5.4 dB over FBWs of 9.8% and 8.6%, respectively. Other proposals that integrated a couple-line BPF in the PD were presented in [5, 6] , employing only a resistor as isolation element. Unequal power division was targeted in [5] and equal power division was targeted in [6] , and two PD prototypes with integrated second-order and fourth-order coupled-line BPFs, respectively, were implemented. In [5] , a good output port isolation of better than 25 dB was achieved, but the IL was as high as 7.4 dB and 9 dB with a 3 dB FBW of 8.7% and 8.6%, respectively, for the two reported prototypes. Similar was the case in [6] where for equal division, a port isolation of about 24 dB was achieved, but the IL for the two prototypes was high at 5.5 dB and 6.8 dB respectively. Here, the achieved 3 dB FBW for the two prototypes was 14.9% and 15.2%, respectively. Quasielliptical BPF was integrated in PD to achieve FBW of 4% in [7] . The presented approach improved the out-of-band rejection but output port isolation (using a resistor as isolation element) was only at 15 dB with high insertion loss of 6.4 dB. Yet another filtering PD design approach used a λ g /2 resonator, four λ g /4 resonators, and an isolation resistor to achieve an IL of 3.99 dB with output port RL and isolation of 20 dB each [8] . The compact design was operational over a FBW of 6.5%. In this work, the value of the isolation resistor was exceptionally high (3.2 K Ω) to achieve an isolation of 20 dB, deviating considerably from the conventional value. In [9] , out-of-band rejection was improved by employing a dual-mode resonator-based BPF in PD to achieve a FBW of 7%. The design employed a resistor of a conventional value of 100 Ω to achieve a port isolation of 16.6 dB and output port RL of 20 dB. Open-loop BPFs were used in [10] and a comprehensive design approach was presented for single-and dual-band filtering dividers. For single-band operation, the design used RL as isolation components to achieve output port RL of 14 dB, port isolation at a center frequency (CF) of about 20 dB (and 37 dB elsewhere in the band). The input port RL and IL was at 18 dB and 3.9 dB, with a reported FBW of 10.1%. From the above discussion, the fact stands out that there is a trade-off between the even-mode response (input port RL and IL) and odd-mode response (output port RL and port isolation) of the filtering divider.
In this paper, a novel technique is presented for achieving good output port isolation and RL while maintaining a reasonably low IL and good input port matching in microstrip implementation of equal-split filtering PD design. In general, a resistor has usually been employed as an isolation element with or without LC components or more resistors in such filtering PD designs to achieve reasonable output port RL and isolation. In this work, in addition to a conventional 100 Ω resistor, an extended transmission line (TL) section of 50 Ω impedance is proposed as isolation element at the output ports for this purpose. In our previous works [11, 12] , a 50 Ω extended TL section and a 100 Ω resistor were employed in two-and three-transmission-line dual-band Wilkinson power dividers (WPDs) to achieve satisfactory S-parameters employing 2-port cascaded network analysis to calculate circuit parameters. In this work, the concept is extended to the filtering divider design.
However, the main difference here from our previous work is the challenge of effective BPF integration in place of TLs with simultaneous effective port isolation, which calls for a novel analysis approach altogether different from [11, 12] . In this work, BPFs are designed first keeping the even/odd mode circuit requirements in mind and subsequently integrated in the PD. Two of the famous candidates among different types of BPFs, namely coupled-line filter (CLF) and open-loop coupled resonator filter (OLF), have been selected and integrated in the PD with the proposed isolation elements for effective output isolation and RL, simultaneously maintaining reasonably low ILs and good input matches. If the BPF is matched to 70.7 Ω , it can effectively replace the conventional λ g /4 transformers in a WPD. The two filtering dividers thus designed also provide good out-ofband rejection. Employing the proposed approach for microstrip implementation has an advantage of avoiding lumped reactive elements (capacitor and inductor) and the isolation resistor has a conventional value of 100 Ω , which is easily found in commercially available SMD packages.
Proposed methodology for filtering power divider design
The block diagram of the proposed filtering divider circuit with a TL section and an isolation resistor is depicted in Figure 1a . BPFs have been used to replace the conventional λ g /4 transformers. It may be noted that to achieve effective output port isolation and RL in dual-band WPD, a 50 Ω extended TL of length l T L and a resistor R were used [11, 12] . For the best possible functional response of the filtering PD, l T L and the tapping position of the output ports on the 50 Ω extended TL were optimized (optimization process is explained in detail in the related subsections). Owing to the symmetry of the proposed circuit in Figure 1a , even/odd mode analysis is applicable. Figures 1b and 1c show the respective even-mode and odd-mode half circuits of the proposed filtering PD. Referring to Figure 1a , when even-mode excitation is applied at the outputs, the symmetric plane becomes an open circuit (magnetic wall) and yields the circuit shown in Figure 1b , where the isolation resistor R becomes superfluous (shown as open circuit). Careful analysis of the even-mode circuit reveals that for output port 2 of 50 Ω, the impedance of input port 1 is 100 Ω. In order to achieve a perfect match of the input port and output port, a transformation of 70.7 Ω is required as in conventional PD design. Now if a BPF is to replace the impedance transformer (which is the case here), it must be matched to 70.7 Ω , so that Z in is equal to 50 Ω , as shown in Figure 1b . This implies that for proper band-pass response, the port settings must be 70.7 Ω instead of 50 Ω while simulating the BPF. Thus, under even-mode conditions, the proposed structure is expected to equally divide the signal with the filtering functionality and maintain good IL and input port match (good RL).
Odd-mode analysis was carried out to ensure good output port isolation and RL. As evident in Figure  1c , under odd-mode excitation at the output ports, the symmetric plane can be replaced by a short circuit (electric wall). If port 2 is perfectly matched, then input port 1 is shorted and no power is transferred, whereas maximum power is delivered to the isolation resistor, which is half of its original value. Thus, for good isolation between output ports 2 and 3 (each 50 Ω), the resistor value was taken to be 100 Ω (R = 2 × 50 Ω) . TL and the tapped position of the output port are optimized to achieve good output port RL and isolation. In order to show the efficacy of the proposed technique, two design examples integrating two different types of BPFs in the PD are presented and the results are discussed in the following sections.
Design examples

Coupled line filter divider (CLFD) design
Coupled line filter (CLF)
As stated earlier, many authors have selected coupled lines/coupled-line filters for integration in the PD [3] [4] [5] [6] , but with tradeoffs between the even-and odd-mode performances. For effective replacement of the conventional λ g /4 transformers, an even-ordered filter should be designed [5, 6] . As in the first design example, a second-order coupled-line filter with a Chebyshev response, pass-band ripple of 0.1 dB, and FBW of 16% designed at a CF of 3 GHz was selected.
The design procedure of such CLFs is well known [13, 14] . For completeness, a brief design description is provided. First of all, the low-pass filter prototype elements for the desired specifications of the CLF were g 0 = 1, g 1 = 0.843, g 2 = 0.622, and g 3 = 1.355. Band-pass conversion was carried out by calculating the admittance (J) inverter values from Eq. (1), and subsequently even-and odd-mode impedances by Eq. (2) [13] .
Based on these values of even-and odd-mode impedances, widths (w) and distances ( d) were calculated for each coupled-line section, as shown in Figure 2a . The band-pass filter was implemented in Agilent's Advance Design System (ADS) software (Santa Clara, CA, USA) and the dimensions were slightly optimized for the required band-pass response. The finalized CLF parameters are summarized in Table 1 . 
where J j, j+1 Admittance (J) inverter parameters Y 0
Characteristic admittance of the terminating line (with Z 0 = 70.7 Ω) FBW Fractional bandwidth = BW/CF n Order of the filter (Z 0e ) j,j+1 Even-mode impedance (Z 0o ) j,j+1 Odd-mode impedance Please note that for calculation purposes, the system impedance is taken as Z 0 = 70.7 Ω to solve Eqs.
(1) and (2); subsequently, in simulation, the port is set to 70.7 Ω as well. It may be noted from Figure 2a that the length L of each coupled-line section is kept same at λ g /4. Moreover, the width w f of the feeding TLs at both connecting ends of the CLF is kept at 1.386 mm, corresponding to 70.7 Ω . Figure 2a also shows the simulated S-parameters of the designed filter at 3 GHz, achieving the desired specifications with a 1 dB BW from 2.71 GHz to 3.2 GHz (FBW of 16.3%).
Coupled-line filtering divider (CLFD)
Effective integration of the designed CLF (with system impedance of 70.7 Ω used in Eqs. (1) and (2)) in the PD was carried out by substituting it in place of the conventional λ g /4 transformers (Figure 1a ) and tapping the output ports initially from the zero position (zero position is taken just where the BPF ends), as shown in Figure 2b . The isolation elements were the proposed TL and a resistor. In order to ensure good even-mode response and subsequent odd-mode response through respective half circuits, l T L and the output port tapping position were tuned in each half circuit. Please note here that the isolation resistor was kept at a conventional value of 100 Ω and only l T L and the tapping position were optimized. Since in each half circuit, different S-parameters were tuned by tuning the aforementioned parameters, an initial optimization range of l T L and the tapping position was determined. Finally, in the full circuit simulation of the CLFD,l T L and the tapping position were optimized in the range of λ g /8 < l T L < λ g /2 and 0 to l T L , respectively. For the purpose, the optimization tool was used in ADS. The optimization goals were set to minimize S22/S33 and S23, with l T L and the port tapping position set as variables. The optimized results were achieved at l T L = λ g /2 = 37 mm and output ports tapped from zero position on the l T L (just where the BPF ended). The CLFD was fabricated on a F4BM-2 substrate with a dielectric constant of 2.2 and height of 0.8 mm. Figure 2b shows the fabricated CLFD. The area of the manufactured CLFD came out to be 24.24 cm 2 (10.1 cm × 2.4 cm, or 1.3 λ g × 0.3 λ g ).
The size is slightly bigger in one dimension, but as will be shown in the subsequent section, the proposed design simultaneously achieved satisfactory even-and odd-mode response.
Open-loop coupled resonator filtering divider (OLFD) design
Open-loop coupled resonator filter (OLF)
The design procedure of an OLF is well known [13, 15, 16] . However, the OLF may be implemented in different shapes, such as square [10, 15, 16] or triangular [17] [18] [19] . As a second design example, a triangular OLF was selected to be integrated in a PD. The design process is presented here for the sake of thoroughness.
A right isosceles triangular implementation of the OLF of second order was carried out at a design frequency of 1 GHz. The open-loop triangular filter (OLTF) was designed for a Chebyshev response with a pass-band ripple f 0.1 dB and a FBW of 10%. The low-pass prototype elements were g 0 = 1, g 1 = 0.843, g 2 = 0.622, and g 3 = 1.355. Subsequently, the coupling coefficient (k 12 ) and external quality factor (Q e) were calculated as 0.14 and 8.43, respectively, from Eq. (3).
In order to achieve k 12 = 0.14 and Q e = 8.43, the OLTF was simulated with F4BM-2 as a substrate, with a dielectric constant of 2.2 and a height of 0.8 mm. All simulations were carried out in ADS. The length of each triangle in the OLTF was kept at λ g /2 [13] . Referring to Figure 3a , it may be noted that the presented structure is symmetrical with dimensions of each right isosceles triangle given as: length of each cathetus (c) = 31.5 mm, hypotenuse (h) = 49 mm, and gap (g) = 3 mm. Moreover, the width (w) was set equal to 2.44 mm. During simulation, for effective integration of the OLTF in the PD, the filter was matched to 70.7 Ω by setting the ports to this value and optimizing. Mixed coupling was employed to achieve the required k by coupling both resonators through their catheti at a suitable separation from each other, whereas Qe was achieved by optimizing the input feed position (d). Separation ( s) between the resonators inversely affects k (more s implies less k), while Qe is affected by d, which is greatest at the middle of the resonator and decreases as the feed position is moved away from the center. The split-mode frequencies achieved by synchronously tuned resonators at different s values were used to calculate k , while the 3 dB bandwidth, which varies by optimizing d, was used to obtain Qe, as given in Eq. (4). The optimized values were s = 1.5 mm and d = 11 mm.
,
where f 0 , f 1 , and f 2 = design frequency and lower and higher split frequencies ∆f 3dB = 3 dB bandwidth A simulated S-parameter response of the designed OLF is also depicted in Figure 3a . A 1 dB BW was achieved from 0.96 GHz to 1.06 GHz (FBW = 10%), with good overall performance.
OLFD
The designed OLTF was integrated in the PD as a BPF (Figure 1a ) to work effectively with the proposed technique. To achieve good overall performance of the OLFD, keeping the isolation resistor at the conventional value, the optimization ranges of length l T L and the output port tapping position were determined by the evenand odd-mode half circuits for the respective good responses. As a starting point, the output ports were tapped from the zero position (Figure 3b ). Subsequently, in the full circuit simulation of OLFD, the symmetrical structure was optimized for l T L and tapping positions in the range of λ g /8 < l T L < λ g /2 and zero to l T L (zero position is taken just where the BPF ends, Figure 3b ) respectively. The optimization tool in ADS was utilized to optimize l T L and the tapping position to achieve the optimization goals of minimizing S22/S33 and S23. A good S-parameter response was achieved at l T L ∼ λ g /6 = 35 mm and output ports tapped at 11 mm from the zero position on the l T L . The finalized design of the OLFD was fabricated on a F4BM-2 substrate with a dielectric constant of 2.2 and height of 0.8 mm. Figure 3b shows the fabricated OLFD. The area of the manufactured OLFD came out to be 88.36 cm 2 (9.4 cm × 9.4 cm, or 0.43λ g × 0.43λ g ).
Results and discussion
All measurements of the two fabricated prototypes presented in the following subsections were carried out on Agilent's PNA, model no. E8363B.
CLFD
Functional validity of the proposed technique of the presented CLFD design is evident through the conformance of the experimental and simulated S-parameter results at the design frequency of 3 GHz, as depicted in Figures 4a-4e. Wide-band transmission response of the CLFD is illustrated in Figure 4a , where two transmission zeros are seen. The first spurious pass-band appeared at 8.5 GHz and so up to 8 GHz (which is at 2.67f 0 ), an out-of-band rejection of better than 15.8 dB was achieved. Figure 4b displays the transmission response in a narrower band explicitly depicting a fairly overlapping response of measured IL (S21 and S31), indicating good symmetry of the presented circuit. The measured input port RL (S11) is at 25 dB, implying a good match, while the insertion loss (S21 and S31) is 3.45 dB (ideal value is 3 dB for equal division). From Figure 4c , it is clear that the output ports (S22 and S33) have RLs of 29 dB each, manifesting good matches. Measured output port isolation (another very important performance parameter ensuring sufficient isolation between the output ports) is 31 dB, as shown in Figure 4d . It may be noted here that port isolation is better at a frequency other than the design frequency of 3 GHz. Since the isolation depends upon the output port return loss, this phenomenon may be explained from the analytical formula for output port isolation given in literature [20, 21] as S23 = (S22 e -S22 o ) / 2 (where subscript "e" and "o" stand for even and odd mode, respectively). In the process of making S23 equal to zero by adjusting isolation parameters in the odd half circuit to match S22 o to S22 e (thus satisfying the given equation for S23), S23 may maximize at frequencies other than the design frequency, since the even-and odd-mode output port RL of the two half circuits may be different. The designed CLFD is operational over a 1 dB BW from 2.71 GHz to 3.17 GHz (1 dB FBW of 15.3%). It may be noted that by employing the proposed technique, good even-and odd-mode responses are achieved simultaneously. Last but not least, Figure 4e shows the measured amplitude imbalance/difference (| S21| -|S31|) and phase imbalance/difference ( ∠S21 -∠S31) at the output ports of the CLFD over the achieved operational FBW. It is clear that at the design frequency of 3 GHz, the amplitude difference is 0.036 dB and phase difference is -0.59 • , which implies the presence of a divided signal with almost the same amplitude and phase at the output ports.
OLFD
In a similar fashion as above, the operation of the second design example (OLFD) was experimentally validated. Figures 5a-5e present the comparison of the simulated and measured S-parameters. An overall good conformance can be observed. Figure 5a illustrates the wide-band transmission response of the OLFD, indicating good out-ofband-performance. Here, the first spurious pass-band appeared at 3.1 GHz. An out-of-band rejection of better than 16 dB was achieved up to 2.85 GHz (2.85f 0 ) . A narrow-band view of the transmission characteristics is given in Figure 5b . A reasonable match at the input port with input RL (S11) of 24 dB was achieved. Moreover, a symmetric (almost overlapping) response of insertion loss (S21 and S31) is also evident with a value of 4.2 dB at 1 GHz (CF). Figure 5c depicts the output port RL of S22 = S33 = 32 dB, implying a good match with reasonable overlapping response. Isolation between the output ports was 20 dB, as demonstrated in Figure 5d . Here, too, the isolation was greatest at a frequency different from the design frequency due the reasoning given in Section 4.1. Figure 5e illustrates that at the design frequency of 1 GHz, the magnitude difference and phase difference at the output ports are 0.2 dB and -2 • , respectively, which is reasonably acceptable. The operational 1 dB BW ranges from 0.92 GHz to 1.04 GHz (1 dB FBW of 12%).
Comparison of the proposed methodology with previous work
A comparison of the presented work with some previous works is presented in Table 2 .
In the comparison table, it can be seen that references [4] [5] [6] [7] present very high IL while maintaining reasonable input/output port RL and isolation. On the other hand, [8] [9] [10] have good IL, but with some compromise on the RL and isolation. The presented two design examples (CLFD and OLFD with a TL and resistor as isolation elements) achieved reasonable values for all S-parameters. It is worth mentioning that although the OLFD, when compared to its own class of single-band open loop filtering divider presented in [10] , had a slightly higher IL (0.3 dB more), the output port RL improved to 32 dB in contrast to a marginal increase of 14 dB in [10] . It may therefore be concluded that for band-limited filtering dividers (FBW from 4% to 20%), the presented methodology achieved good even-and odd-mode responses simultaneously.
Conclusion
A novel methodology has been presented for designing a filtering divider with a transmission line and resistor as isolation elements. It was proven that by employing the proposed technique, good simultaneous even-mode and odd-mode responses could be achieved. The filtering divider design challenges were unique and different from that of a PD design (employing the transmission line and resistor as isolation elements presented in [11, 12] ), which were successfully addressed. First, a CLF and OLF were matched to 70.7 Ω in the simulation and then integrated in the PD with a 50 Ω extended TL and a 100 Ω resistor as isolation elements. The designed CLFD and OLFD were fabricated and shown to be operational over a FBW of 15.3% and 12% at design frequencies of 3 GHz and 1 GHz, respectively. Moreover, a sufficiently wide out-of-band response was achieved for most practical purposes. The achieved S-parameters (S11, S22/S33, S21/S31, S23) in both the design examples were reasonably good, validating the proposed idea.
